Background
==========

Late-onset Pompe disease (LOPD), initially recognized in the 1960's, continues to be a disease with an emerging pheno-type, due to a partial deficiency of acid α-glucosidase (GAA). In contrast, classic infantile Pompe disease was long seen as characterized by cardiomyopathy, respiratory failure, and proximal muscle weakness leading to death within the first 2 years of life \[[@b1-amjcaserep-16-196],[@b2-amjcaserep-16-196]\]. The advent of enzyme replacement therapy (ERT) has lead to close monitoring of patients with both infantile Pompe and LOPD that did not occur in the past. Over the last 10 years, cardiac involvement (3--5) ptosis (6--10), impaired gastrointestinal function \[[@b11-amjcaserep-16-196]\], dysphagia, lingual weakness \[[@b12-amjcaserep-16-196],[@b13-amjcaserep-16-196]\], and aneurysms \[[@b14-amjcaserep-16-196]--[@b16-amjcaserep-16-196]\] have all been reported in association with Pompe disease.

Little has been written about peripheral nerve involvement in infantile Pompe disease or LOPD. Prior autopsy reports describe the presence of small, but numerous glycogen deposits in the Schwann cells surrounding both myelinated and unmyelinated axons \[[@b17-amjcaserep-16-196],[@b18-amjcaserep-16-196]\]. Despite these findings, definitive clinical evidence of peripheral nerve involvement has not been reported in LOPD. A series of 17 patients undergoing electro-diagnostic testing revealed 4 patients with abnormalities on nerve conduction studies (NCS), but all could be attributed to a reduction in motor amplitudes secondary to the underlying myopathy \[[@b19-amjcaserep-16-196]\]. A single case report described the occurrence of "severe chronic motor axonal peripheral neuropathy" in a patient with infantile-onset Pompe disease \[[@b20-amjcaserep-16-196]\]. There were no abnormalities in sensory nerve responses and as previously stated, low motor amplitudes may arise from advanced myopathy or motor neuron disease. A study in mice did reveal that a component of motor neuron involvement contributed to diaphragmatic dysfunction \[[@b21-amjcaserep-16-196]\]. As with many other aspects of this disease, this lack of evidence may be the result of under-reporting in a condition where respiratory failure and wheel chair dependence are of paramount concern. With advent of ERT, patients are living longer and becoming more concerned with quality of life. Given these factors, peripheral nerve involvement may become a more prevalent issue.

Small-fiber neuropathy (SFN) affects thinly myelinated and unmyelinated nerves that are primarily responsible for pain and temperature sensation. When affected by disease, patients often present with painful paresthesias in the extremities while nerve conduction studies (NCS) and electromyography (EMG) remain normal \[[@b22-amjcaserep-16-196]\]. Autonomic dysfunction may also be present, causing a variety of symptoms that include orthostasis, gastrointestinal dysfunction, dry eyes and sexual dysfunction \[[@b22-amjcaserep-16-196]\]. More recently, muscle cramps have been linked with SFN \[[@b23-amjcaserep-16-196]\]. The diagnosis is complicated by lack of a clear gold standard for diagnosis. Recently, epidermal nerve fiber density counts obtained through skin biopsy have been touted as a potential standard \[[@b24-amjcaserep-16-196]\], but the technique is invasive and costly.

In this study, we report two cases of skin biopsy confirmed SFN in patients with LOPD, along with a prospective study screening our clinic population for SFN. To our knowledge, these are the first reported occurrences of SFN in Pompe disease.

Case Report
===========

The Duke University Institutional Review Board approved this study and all patients signed informed consent to participate in this study.

The two cases described came to attention through routine clinical care. These cases spurred the investigators to develop a prospective trial for all consecutive patients presenting to the Duke University Pompe Disease Clinic from September 2013-November 2014. A total of 44 patients with infantile Pompe (n=7) and LOPD (n=37) were screened and all agreed to participate. All patients completed the study.

Patients were given a printed copy of the Small-Fiber Neuropathy Screening List (SFNSL) for completion at the beginning of their clinic visit (Supplementary File). The SFNSL is a 21 question screening tool developed and validated for use in patients with sarcoidosis \[[@b25-amjcaserep-16-196]\]. Like Pompe disease, sarcoidosis may cause muscular disease. This is relevant as some SFN and muscle symptoms may overlap. Adult patients completed the SFNSL unassisted, while the seven children completed this screening questionnaire with the assistance of a parent. The SFNSL was chosen due to its high sensitivity in detecting SFN, ease of administration and lack of discomfort for patients. The SFNSL consists of 2 parts, consisting of 8 and 13 questions respectively. Each item is scored on a scale of 0 to 4 as outlined by Hoitsma et al. 2011 \[[@b25-amjcaserep-16-196]\]. A score of 11 or more carries 100% sensitivity and 31% specificity for SFN, while a score of \>47 is 100% specific and 19% sensitive.

Patients completed this without assistance and returned it to SA, a genetic counselor who works in the clinic. The screening list was then scored by another investigator (LHW), who was not present at the clinic visit and had no direct contact with the patient. A cut-off score of 11 was used as recommended in the SFNSL validation study. A retrospective chart review was performed, collecting demographic information for each patient, including age, sex, age at first symptoms, age at diagnosis of LOPD, current therapy with ERT, duration of ERT, upright forced vital capacity (FVC) measures, presence of diabetes mellitus, other endocrine issues such as thyroid disease and any history of large fiber polyneuropathy. This review also collected information on strength of shoulder abduction and hip flexion was measured by a physical therapist recorded on the Medical Research Council (MRC) scale. Information on the sensory examination was not included in the analysis, as it had not been performed systematically. No prospective testing was performed on this population and all prior testing had been performed as part of each patient's routine clinical care.

The data collected was then entered into a Microsoft Excel database and then analyzed using JMP-11 (SAS, Inc. Cary, North Carolina). Descriptive statistics were calculated, including means, standard deviations and 95% confidence intervals. After ensuring that data was normally distributed, Pearson's correlation coefficient was used to test for relationships between the SFNSL score and patient characteristics. The level of significance was set at 0.05 for all analysis.

Results
=======

Patient 1
---------

Patient 1 was an 11-year-old Caucasian boy who was diagnosed with Pompe disease at age 7 years. His family noticed easy fatigability and sought medical care. Creatine kinase levels were elevated and a muscle biopsy demonstrated myopathy. A dried blot spot test for Pompe disease screening was positive. The diagnosis was confirmed by genetic testing revealing GAA mutations associated with late-onset disease (c.-32-13T\>G and c.1437+2T\>C). He initiated ERT soon after his diagnosis and was stable in regards to muscle strength. His upright FVC was 95% and an echocardiogram was normal. He had no other medical conditions aside from a diagnosis of attention deficit and hyperactivity disorder, but was taking no medications for this.

The patient had experienced burning and tingling in the tips of all fingers and toes since age 7, prior to starting ERT. The pain was described as constant, but worsened by heat or exercise. He would wet his hands and feet to alleviate the sensation. Upon questioning, he was noted to have intermittent bradycardia, stomachaches, unexplained episodes of vomiting and a past history of urinary incontinence. There was no history of orthostatic hypotension or fainting. Distal sensory loss was found on the physical examination. Polyneuropathy was suspected, but NCS and EMG were normal. Extensive laboratory and immunologic tests did not reveal a cause.

A skin biopsy was performed, revealing frequent swellings of the epidermal nerve fibers, consistent with axonal degeneration. Nerve fiber density was 316 neurites/mm^2^ of skin. No normal values were available for this age group, but an extrapolation of normal values from teenagers yielded an expected normal range of 400--600 neurites/mm^2^ of skin. Quantitative sweat testing was performed, demonstrating reduced sweat production from the forearm, proximal leg, distal leg, hand and foot sites. Heart rate variability testing, tilt table testing and blood pressure response to the Valsalva maneuver were normal.

The patient was diagnosed with SFN based upon these findings. He failed gabapentin therapy, which seemed to cause headaches, anger and depression. He started pregabalin with some relief, but had difficulties with compliance. He now describes his dysesthesias as itching and burning, often interfering with sleep. His current SFNSL score is 29.

Patient 2
---------

Patient 2 was a 49-year-old Caucasian woman diagnosed with LOPD by muscle biopsy, dried blood spot testing and genetic testing earlier the same year. Her mutations were identified as c.-32-13T\>G (commonly observed in patients with late-onset Pompe disease) and c.525delT (previously reported and *in vivo* studies show no enzyme activity). At age 19 years, she had elevated liver enzymes and underwent liver biopsy with a diagnosis of fatty liver, despite having normal body habitus. She felt well and no additional evaluation was pursued. At age 41 years, she noted burning pains in her feet. Examinations document loss of pinprick sensation in the distal lower extremities at that time. She was diagnosed with SFN on the basis of her clinical presentation.

Patient 2 underwent skin biopsy for her suspected SFN, after nerve conduction studies and electromyography were normal. This was abnormal on 2 occasions; the most recent demonstrating advanced loss of epidermal nerve fiber density at age 47. With the second biopsy, no intra-epidermal nerve fibers were present at the distal calf site. Diagnostic evaluation (serum protein electrophoresis, immunofixation, 3-hour glucose tolerance testing, vitamin B-12, and inflammatory markers) for an underlying cause was negative and she was diagnosed with idiopathic SFN. Nerve conduction studies continued to show an absence of large fiber involvement at age 48 years.

This patient began to notice muscle weakness at age 45 years with difficulty climbing stairs. The weakness progressed to the point that she was unable to arise from the floor without assistance. An extensive evaluation for causes of myopathy was performed, culminating with the diagnosis of LOPD 4 years later. She presented to our clinic at this time to discuss initiation of ERT.

SFNSL Results
-------------

Forty-four other consecutive infantile Pompe and LOPD patients were identified for participation ([Table 1](#t1-amjcaserep-16-196){ref-type="table"}). The group was composed of 19 males and 25 females with a mean age of 44.2±20 years. The mean age at diagnosis was 36.0±20 years. Seven patients with infantile Pompe disease were included with a mean age of 8.7 years. Excluding them from analysis did not result in any significant changes other than reducing the mean age and mean age of diagnosis. All but four of 44 patients were receiving ERT. The adults on ERT were receiving a standard dose of 20 mg/kg every 2 weeks with the mean duration of therapy being 4.6±3 years. The infantile-onset Pompe patients received ERT in doses ranging from 40 mg/kg every other week to 40 mg/kg weekly. The mean upright FVC was 64.0±20%. The mean MRC for shoulder abduction was 4.4 (range 2--5) and the mean for hip flexion was 3.3 (range 2--5). One patient had known diabetes mellitus, but no patient had a prior diagnosis of large fiber polyneuropathy. Within the 12 months preceding the study, only 7 of 44 patients had NCS performed at Duke University. These seven studies demonstrated no evidence of large fiber polyneuropathy.

Twenty-two of 44 patients (50%) had a SFNSL score of ≥11, with the mean for the entire group being 11.6 (95% CI 9.0--14.2). In part 1, the mean score was 5.0. For part 2 of the questionnaire, the mean score was 6.6. [Figures 1](#f1-amjcaserep-16-196){ref-type="fig"} and [2](#f2-amjcaserep-16-196){ref-type="fig"} provide detailed information on the number of patients who answered positively to each item on the questionnaire. Prior to screening, the presence of swallowing dysfunction on the questionnaire was of concern, as this might reflect bulbar muscle dysfunction as opposed to SFN. However, for part 1, only 34% of patients scored this item and only 2 scored the severity as more than mild. In part 2, only 15 of the patients again answered positively regarding swallowing difficulties, so it should not have had a significant effect upon the overall outcome.

Extrapolating the numbers from the original SFNSL study, at least one-third of patients with a score of ≥11 would be expected to have SFN confirmed by skin biopsy with epidermal nerve fiber density counts. In this group, this estimate would include 7 of the 22 patients scoring ≥11, with those patients scoring \>20 (n=7) being much more likely to have SFN confirmed by further testing.

Relationship with demographic characteristics
---------------------------------------------

A modest correlation between the SFNSL score and current age was seen (r=0.38, p=0.01), along with a correlation with duration of ERT (r=0.31, p=0.0495). There were trends toward significant correlation with age at diagnosis (r=0.27, p=0.0795) and upright FVC (r=--0.26, p=0.09). There was no correlation between the total SFNSL score and shoulder abduction or hip flexor strength.

Differences between men and women
---------------------------------

The mean SFNSL score was significantly higher in women (14.2, 95% CI 10.7--17.8) than in men (8.2, 95% CI 5.0--11.5, p=0.01). There was no difference in age between the two groups with a mean age of 39.2 years in men and 49.7 years in women (p=0.23), although there was a trend toward the women being older. There was no significant difference in duration of ERT (men 5.2 years, women 5.6 years, p=0.48) or the upright FVC% (65% men, 63% women, p=0.73). There was no significant difference in shoulder abduction (4.4 men, 4.3 women, p=0.68), but hip flexion strength was better in men (3.6 in men, 3.0 in women, p=0.017)

Discussion
==========

SFN is not recognized as part of the Pompe phenotype. Here, we describe an 11-year-old boy and 49-year-old woman with LOPD who developed SFN without another recognized etiology. In both cases, symptoms of SFN began around the same time as muscle weakness became apparent. Patient 1's diagnosis was confirmed at age 11 through skin biopsy and quantitative sweat testing, while Patient 2 was diagnosed at age 41 years through skin biopsy and clinical presentation. Given prior histologic reports showing glycogen deposition in the Schwann cells of peripheral nerves and anecdotal patient reports of limb pain and changes in heart rate, these cases prompted consideration of Pompe disease as a potential cause of SFN \[[@b17-amjcaserep-16-196],[@b18-amjcaserep-16-196]\]. Subsequent screening of 44 consecutive clinic patients using the SFNSL 21 item questionnaire revealed 50% to be at risk for SFN. This is in line with mounting clinical evidence suggesting neuropathic involvement in Pompe disease \[[@b17-amjcaserep-16-196]--[@b20-amjcaserep-16-196]\].

There were modest correlations between current age (r=0.38, p=0.01), duration of ERT (r=0.31, p=0.0495), and the SFNSL score. This suggests that the accumulating burden of disease plays a role in the expression of the symptoms queried on the SFNSL, but certainly does not explain all findings. For the index cases reported, the SFN symptoms began early in the disease course and were severe enough to warrant an extensive evaluation. Further studies on SFN in Pompe disease will need to consider other factors, including the role that differing genetic mutations play in the resulting clinical phenotype.

The current study is not without limitations, but is meant as an exploratory screening to determine if further work on SFN in Pompe disease is needed. The small sample size (n=44) is a primary issue, and as the study utilized retrospective chart review, standardized assessment of sensation and detailed NCS/EMG were not available. A larger limitation is the lack of a widely accepted screening questionnaire for SFN. The questionnaire used was validated for sarcoidosis, not Pompe disease, but it was one of the few non-invasive screening lists available for non-diabetic SFN.

If present, identification of SFN would be important in patient care. In addition to the morbidity that arises from neuropathic pain, the presence of SFN would alert physicians to the possibility of associated autonomic dysfunction. Larger, well-formulated studies are needed to determine the true incidence of SFN in Pompe disease and its relationship with patient-reported pain and other symptoms. In the current cohort, we are planning skin biopsies of all consenting patients with an SFNSL score of ≥11 to establish the presence or absence of small-fiber neuropathy. These intraepidermal nerve fiber density measures are essential, as the SFNSL must be validated for infantile Pompe and LOPD and revised as necessary.

Conclusions
===========

SFN can occur in Pompe disease and precede disease diagnosis. Clinicians should be vigilant for symptoms of SFN when treating patients with Pompe disease.
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###### 

Demographic characteristics of 44 Pompe patients completing the SFNSL.

  --------------------------------- ---------------------------
  Age (years)                       44.2±20
  Men                               19 (43%)
  Age at diagnosis (years)          36.0±20
  Duration of ERT therapy (years)   5.4±3
  Mean Total SFNSL score            11.6±9 (95% CI 9.0--14.2)
  \% FVC (upright)                  64.0±20
  Shoulder abduction (MRC scale)    4.4
  Hip flexion (MRC scale)           3.3
  --------------------------------- ---------------------------

ERT -- enzyme replacement therapy; SFNSL -- small fiber neuropathy screening list; %FVC -- forced vital capacity; MRC -- Medical Research Council.
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